Steroidogenesis begins with cholesterol transfer into mitochondria through the transduceosome, a complex composed of cytosolic proteins that include steroidogenesis acute regulatory protein (STAR), 14-3-3 adaptor proteins, and the outer mitochondrial membrane proteins Translocator Protein (TSPO) and Voltage-Dependent Anion Channel (VDAC). TSPO is a drug-and cholesterol-binding protein found at particularly high levels in steroid synthesizing cells. Its aberrant expression has been linked to cancer, neurodegeneration, neuropsychiatric disorders and primary hypogonadism. Brain steroids serve as local regulators of neural development and excitability. Reduced levels of these steroids have been linked to depression, anxiety and neurodegeneration. Reduced serum testosterone is common among subfertile young men and aging men, and is associated with depression, metabolic syndrome and reduced sexual function. Although testosterone-replacement therapy is available, there are undesired side-effects. TSPO drug ligands have been proposed as therapeutic agents to regulate steroid levels in the brain and testis.
Introduction to steroidogenesis
The steroidogenic process involves a series of substrates, the first being cholesterol, that are metabolized by enzymes distributed in the mitochondria and endoplasmic reticulum of steroid-forming cells (Payne and Hales, 2004) . The first step occurs in mitochondria where the aliphatic tail of cholesterol is cleaved by the cytochrome P450 enzyme CYP11A1, localized on the matrix side of the inner mitochondrial membrane (IMM). Cholesterol is a highly lipophilic compound originating from various intracellular locations which cannot freely diffuse to the IMM. Thus, there are mechanisms to facilitate its movement to mitochondria, and its translocation to IMM and loading onto CYP11A1. The outer mitochondrial membrane (OMM) integral membrane protein translocator protein (18-kDa; TSPO) has been implicated in this process, owing to the ability of high-affinity TSPO ligands to stimulate steroidogenesis. The story of TSPO and its pharmacological targeting is the focus of this review.
Identification of TSPO
The benzodiazepine class of drugs exerts a number of psychoactive effects and operates through binding to central benzodiazepine binding sites in the central nervous system, principally at the GABA A receptor (Saari et al., 2011) . The identification of diazepam binding sites in the kidney in 1977 initiated the search for a peripheral-type benzodiazepine receptor (Braestrup and Squires, 1977) , later renamed TSPO . Snyder and his colleagues demonstrated the wide distribution of TSPO throughout the body , its expression in particularly high levels in steroid-producing cells of the adrenal and testis , and its localization at the outer mitochondrial membrane (OMM) (Anholt et al., 1986a) . The large body of work generated by Gavish and colleagues, as well as other groups, demonstrated the multiple roles of this protein in mitochondrial and cell function in various tissues (Gavish et al., 1999; Papadopoulos et al., 2006; Veenman and Gavish, 2006) . Various studies applying hypophysectomy, adrenalectomy, castration by surgical and chemical means, as well as hormone replacements, suggested hormonal regulation of TSPO expression and function and its possible association with the ability of the organs and tissues in question to synthesize steroids Veenman and Gavish, 2012) .
The diazepam binding inhibitor and implication of TSPO in steroidogenesis
Although earlier studies had shown that diazepam and other benzodiazepines could modulate circulating steroid levels Marc and Morselli, 1969) , the identification of a natural polypeptide des-(Gly-Ile)-endozepine, also known as Diazepam Binding Inhibitor (DBI), that was able to stimulate cholesterol transport into isolated mitochondria, brought together the fields of steroidogenesis and benzodiazepines (Besman et al., 1989) . DBI was originally characterized by Costa and Guidotti for its ability to displace diazepam from the benzodiazepine recognition site located on the type A receptor for gamma-aminobutyric acid (GABA A ) (Costa and Guidotti, 1991) and later shown to physiologically modulate GABA A receptor function (Christian et al., 2013) . The findings that TSPO was abundant in the OMM of adrenal mitochondria, and that DBI acts on the OMM to induce mitochondrial steroid formation, led to studies of the effects of wellcharacterized TSPO-binding families of compounds on corticosteroid and androgen formation by adrenal cortical and testicular Leydig cells, respectively (Krueger and Papadopoulos, 1990; Lacapere and Papadopoulos, 2003; Papadopoulos et al., 1991; Papadopoulos et al., 2006; Rupprecht et al., 2010) . Exposure of structurally diverse TSPO ligands, including benzodiazepines, isoquinoline carboxamides and indole acetamides, to steroidogenic cell lines, primary steroidogenic cells and tissues, as well as isolated steroidogenic mitochondria, at concentrations close to their binding affinity consistently stimulates steroid synthesis 1.5-3.0-fold within minutes (Papadopoulos et al., 1990a; Romeo et al., 1993) . Moreover, various TSPO ligands, namely flunitrazepam and 5-androsten-3β, 17,19-triol, at nanomolar and low micromolar concentrations, respectively, were able to block hormone-induced steroid formation in both cell lines and primary cells (Midzak et al., 2011; Papadopoulos et al., 1991) . Moreover, though not definitive proof of TSPO's involvement in steroidogenesis, DBI was shown to increase steroid formation when applied to isolated mitochondria, while its oligodeoxynucleotide-based knockdown blocked steroidogenesis in Leydig cell lines (Boujrad et al., 1993) . Interestingly, DBI levels in the Leydig cells were reduced in hypophysectomized animals (Schultz et al., 1992) , suggesting a role in the hypothalamic-pituitary-gonadal endocrine signaling axis. Two knockout DBI (ACBD1/ACBP) mouse models have been generated, resulting in either an embryonic lethality (Landrock et al., 2010) or metabolic defects (Neess et al., 2011) , suggesting a complex and as yet unclear phenotype.
TSPO drug-binding characteristics and relationship to steroidogenesis
Rat, human, mouse and bovine TSPO were cloned and expressed in various cells that contained low TSPO levels Parola et al., 1991; Riond et al., 1991b; Sprengel et al., 1989) . The expressed TSPO was pharmacologically and biochemically characterized and found to bind TSPO drug ligands in a stereospecific manner. Earlier work had found that TSPO associated with the OMM integral membrane voltage-dependent anion channel (VDAC; McEnery et al. 1992 ) and reconstitution studies demonstrated that while TSPO was able to potently bind the isoquinoline carboxamide PK 11195, a TSPO-VDAC complex was necessary for binding of benzodiazepines JosephLiauzun et al., 1997) . Elegant studies by Ferrara and colleagues characterized human TSPO expressed in S. cerevisiae, defined TSPO topography as a multispanning membrane protein consisting of a five α-helix bundle, and in silico studies demonstrated its ability to channel cholesterol through the OMM Joseph-Liauzun et al., 1998; Riond et al., 1991a) . We extended these biochemical studies in steroidogenic cell mitochondria , and further showed that hormonal stimulation of steroidogenic cells was able to alter TSPO drug-binding characteristics of steroidogenic mitochondria . TSPO has also been shown to be a high-affinity cholesterol binding protein, with cholesterol affinity localized to the C-terminal end of transmembrane helix 5 (TM5) at a conserved cholesterol recognition amino acid consensus (CRAC) domain ( (Li and Papadopoulos, 1998; Li et al., 2001b) ; mutation of specific amino acids of TSPO's CRAC domain has been shown to eliminate its ability to bind cholesterol (Jamin et al., 2005) .
Moreover, evidence indicates that hormone-mediated polymerization of TSPO in steroidogenic cell systems, in correlation with increased steroid production, increases TSPO ligand binding and decreases cholesterol binding, suggesting a mechanism of TSPO drug ligand and DBI-mediated stimulation of steroid synthesis in these cells ((Delavoie et al., 2003) .
Cryo-electron microscopy studies at 10 Å resolution of a TSPO homolog from the bacterium Rhodobacter sphaeroides further supported the five-helix bundle model of the protein and its further association into a homodimer (Korkhov et al., 2010) , similar to results observed for the mammalian TSPO (Delavoie et al., 2003) . More recent NMR structural analysis of mouse TSPO in dodecylphosphocholine micelles indicated that the native protein is structurally dynamic, yielding a low signal dispersion (Jaremko et al., 2014) . However, in the presence of the ligand PK 11195, high-resolution NMR spectra were obtained of the body of the protein, though the N-and C-terminal tails remained dynamic. This NMR structural work in the presence of TSPO ligand further validated the TSPO five transmembrane helix model binding drug ligands with a 1:1 stoichiometry at a binding pocket formed by the five transmembrane helices in the upper cytosolic part of the helix bundle (Farges et al., 1994; Jaremko et al., 2014; Li and Papadopoulos, 1998; ) . The structural data indicates that the drug binding site and CRAC motif do not overlap, consistent with biochemical evidence (Li et al., 1998a) . These studies were recently expanded with the determination of the crystal structure of TSPO (Guo et al., 2015; Li et al., 2015a) . Furthermore, the structural effects of ligand binding, in conjunction with ligand association with Ala147 of TM5 just proximal to the CRAC motif, are consistent with biochemical evidence that drug ligand binding promotes cholesterol movement by this protein. Interestingly, a natural human polymorphism of TSPO at Ala147 (A147T) influences pregnenolone production in lymphocytes (Costa et al., 2009 ) as well as TSPO drug ligand binding (Owen et al., 2012) , further supporting the importance of the C-terminal end of TM5 of TSPO in drug ligand binding and steroidogenesis. Interestingly, two recent studies confirmed the ability of TSPO to bind cholesterol, the presence of the CRAC domain, the ability of A147T polymorphism to affect cholesterol binding and demonstrated the presence of a cholesterol binding enhancement motif able to induce the ability of bacterial TSPO to bind cholesterol by 1000-fold (Li et al., 2015a; Li et al., 2015b) .
TSPO-associated proteins and the transduceosome
Work on identifying physical and functional partners of TSPO in steroidogenic cells has identified several proteins that have been hypothesized to play a role in steroidogenesis. These proteins include the above described VDAC (McEnery et al., 1992) and DBI (Besman et al., 1989) , but also the acyl-CoA binding domain 3 (ACBD3) protein (Li et al., 2001a) , a protein kinase A (PKA) anchor protein, as well as two members of the 14-3-3 protein family of cellular adaptors 14-3-3 γ and ε, Ywhag and Ywhae, respectively (Aghazadeh et al., 2012; Aghazadeh et al., 2014) . Together, these proteins have been proposed to function as an outer mitochondrial signal transduction complex identified by protein crosslinking in steroidogenic cells, or "transduceosome," linked to a mitochondrial "metabolon" (Liu et al., 2006; Rone et al., 2012) . The term "metabolon" refers to multiprotein complexes that perform a series of reactions on a particular substrate. The components of metabolons are tethered at membranes, including mitochondrial membranes. Their main function is to optimally increase substrate concentration and targeting to certain enzymes for further actions (Issop et al., 2013) . Recently, a native mitochondrial 800-kDa metabolon complex was identified and characterized, consisting of OMM and IMM proteins . This protein complex links the OMM transduceosome to the IMM CYP11A1, and therefore acts as an intermediate between cholesterol import into the mitochondria and its conversion to pregnenolone. The mitochondrial metabolon overlaps with the transduceosome at OMM as TSPO and VDAC1 are considered to be members of both complexes. Interestingly, other groups, utilizing similar methodologies, demonstrated a native STAR and VDAC interaction, suggesting a central role of VDAC in mediating mitochondrial cholesterol (Bose et al., 2008) . The IMM enzyme, CYP11A1, is a part of the steroidogenic metabolon. Interactions between the IMM and OMM proteins are mediated through the IMM-OMM AAA+ ATPase protein, ATAD3 ( Fig. 1) . Interestingly, ATAD3 has recently been reported to extend into the endoplasmic reticulum (ER), creating a bridge between the ER and mitochondria, through the formation of the mitochondrial-associated membrane fraction (Issop et al., 2015) (Figure 1 ). The precise intermolecular interactions of all these proteins remains an open area of research, with TSPO-VDAC interactions independently corroborated several times (Anholt et al., 1986b; Garnier et al., 1994) , but investigations of TSPO-STAR molecular interactions yielding mixed results (Bogan et al., 2007; West et al., 2001 ).
Pharmacological targeting TSPO for stimulation of neurosteroid formation
An interesting development in the studies of steroids is the finding that steroids can be synthesized locally in the brain, leading to the coining of the term "neurosteroids" (Baulieu, 1997) . These neurosteroids, as well as circulating neuroactive steroids (Paul and Purdy, 1992) , have potent pharmacological properties, affecting neurological signaling at several neurotransmission receptors, including the GABA receptors (Chisari et al., 2010) . As these steroids may mediate fundamental mechanisms that underlie behavioral symptoms in a variety of psychopathological conditions, including mood and anxiety disorders, (Rupprecht et al., 2010; Zorumski et al., 2013b ) the physiological effects as well as the synthesis of these steroids have been areas of intense research; neurosteroids may prove a promising class of leads for psychological drug development (Zorumski and Mennerick, 2013a) . For example, the correlation of decreased levels of GABAergic neurosteroids with manifestation of depression observed by a number of groups suggests that physiological changes in neurosteroid levels may contribute to mood disorders (Rasmusson et al., 2006; Romeo et al., 1998; Strohle et al., 1999; Uzunova et al., 1998) . These lines of evidence all suggest that pharmacological stimulation of neurosteroid production may serve as a promising area for therapeutics.
Numerous laboratories have developed TSPO drug ligands, some of which have been used clinically (Caballero et al., 2013; Campiani et al., 2002; Da Settimo et al., 2008; Romeo et al., 1993; Rupprecht et al., 2009; Taliani et al., 2011) . The pre-clinical and clinical use of these compounds required prior testing to be certain that they had no non-specific effects that were mediated by other receptors. We and others have shown, however, that nanomolar affinity TSPO drug ligands at micromolar concentrations can exert non-specific effects on steroid production and cell viability (Hans et al., 2005; Kletsas et al., 2004; Rupprecht et al., 2010; Veenman et al., 2007) (Figure 2 ). Steroids are known to act on neuronal GABA A and other receptors, thereby affecting neurotransmission and neuronal function. In light of the discovery that the brain has the ability to make steroids locally to regulate neuronal function (Schumacher et al., 2000) , and with the knowledge that steroid synthesis in the brain is not regulated by any known hormone, we examined the possibility that TSPO drug ligands might be used to regulate neurosteroid formation. Using methodologies that had been used to examine gonadal and adrenal steroidogenesis, we demonstrated that brain neurosteroid synthesis was under the control of TSPO drug ligands and endogenous DBI Papadopoulos et al., 2006) . Thus, TSPO drug ligands offered the first pharmacological means to regulate steroid formation in the brain both in vitro and in vivo (Costa et al., 1994; Rupprecht et al., 2010) . This field expanded to neuropsychiatric and neurodegenerative disorders as well as neurotrauma (Papadopoulos and Lecanu, 2009; Veenman and Gavish, 2012) . Induction of neurosteroid formation in the brain by TSPO drug ligands has been used to alleviate neuropsychiatric disease symptoms (Rupprecht et al., 2010) . Initially, the high affinity mixed TSPO and GABA A drug ligand alpidem (2-[6-chloro-2-(4 chlorophenyl)imidazo[1,2-a]pyridin-3-yl]-N,N-diethyl-acetamide) was approved and marketed in France as a non-sedative anxiolytic before its removal for liver toxicity (Skolnick, 2012) . A clinical study showed that the high affinity TSPO drug ligand emapuril (N-benzyl-N-ethyl-2-(7-methyl-8-oxo-2-phenyl-purin-9-yl)acetamide) exerted antianxiety activity in humans and, in contrast to benzodiazepines, did not cause sedation and withdrawal symptoms (Rupprecht et al., 2009 ). Etifoxine (6-chloro-N-ethyl-4-methyl-4-phenyl-4H-benzo[d][1,3]oxazin-2-amine), a non-benzodiazepine, mixed TSPO and GABA A drug ligand with anxiolytic with anticonvulsant properties, was developed in the 60's for the treatment of anxiety disorders. Today it is approved and marketed in France for the treatment of anxiety disorders, and is being studied for peripheral nerve injuries and axonal neuropathies, events shown to involve neurosteroid formation (Girard et al., 2012; Stein, 2015; Verleye et al., 2005 ). The precise mechanisms by which these TSPO drug ligands operate remain an open area of investigation, but are highly promising for psychiatric drug development.
Pharmacological targeting TSPO for stimulation of HPG axis for hypogonadism
Reduced serum testosterone, or hypogonadism, is estimated to affect about 5 million American men, including both aging and young. The condition is common in aging men, with 20-50% of men over age 60 reported to have serum testosterone levels significantly below those of young men (age 20-30 years) (Feldman et al., 2002; Harman et al., 2001; Lutz et al., 1997; Oeppen and Vaupel, 2002) . Administering exogenous testosterone, known as testosterone -replacement therapy (TRT), reverses many of the symptoms of low testosterone levels, but complications arise in the delivery and monitoring of optimal levels of supraphysiological testosterone administration. Increasing intratesticular and serum testosterone by stimulating the Leydig cells themselves could therefore have great advantages, and have been an active area of research.
High affinity TSPO specific drug ligands have been shown to increase glucocorticoid levels in rats (reviewed in . The effects of these drug ligands on circulating corticosteroids were considerably more pronounced in hypophysectomized than in control animals (Cavallaro et al., 1992) . Similarly, TSPO drug ligands have been used successfully to increase neurosteroid formation and thus rebalance neurological functions in cases in which neurosteroid levels were reduced (Costa et al., 1994; Rupprecht et al., 2010) . These findings suggested that TSPO drug ligands may exert stimulatory effects on steroid formation by the adrenal and brain as well as by the gonads, but with effects that are relatively minor in normal (control) in vivo settings. This is likely due to the fact that in vivo, gonadal and adrenal cells are regulated by pituitary hormones, and brain cells by local factors, the same hormones and local factors that control TSPO activity. With reduced or dysfunctional central or local control, however, as for example in the case of hypogonadism, the direct activation of TSPO by its ligands could replace the effects of the natural stimulators and their second messengers, e.g. cAMP and its downstream effectors, on cholesterol import into mitochondria. Consistent with this, recent in vitro and in vivo studies of the Brown Norway rat model of aging demonstrated that the pharmacologic activation of TSPO with TSPO drug ligands is an approach that might be used therapeutically for the gonadotropin-independent induction of testosterone formation in cases of both primary and secondary hypogonadism (Chung et al., 2013) . To test the ability of TSPO drug ligand to reverse hypogonadism in the young we used the GnRH antagonist (cetrorelix)-induced chemical castration. Treatment of cetrorelix-treated animals for 4 days with the TSPO specific drug ligand FGIN-1-27 resulted in the recovery of intratesticular testosterone production (Aghazadeh et al., 2014) . These data were recently repeated using the TSPO ligand XBD173 with similar results (Figure 3 ), suggesting that these compounds can induce testosterone production by hypofunctional Leydig cells in an LH-independent manner.
Tu et al recently claimed that the effect of PK 11195 on steroidogenesis is not mediated by TSPO (Tu et al., 2015) . These authors reported that PK 11195 at a single dose, out of the 3 tested, increased progesterone production in MA-10 Leydig cells where Tspo gene expression was apparently abolished. Previous studies performed by various groups, cited earlier in this review, using distinct classes of TSPO drugs ligands, PK 11195 stereoisomers, photoactivatable isoquinolines and displacement studies all showed a TSPO-mediated mechanism. These results were further supported by NMR studies demonstrating the PK 11195-TSPO interaction (Jaremko et al., 2014) . It is evident that like many lipophilic compounds PK 11195 could exert non-specific membrane effects that could have an effect on steroid formation. However, such effects will not be stereospecific or dose-dependent, and will not be replicated by other classes of compounds of distinct chemistry.
In addition to targeting TSPO for pharmacological stimulation of steroidogenesis, other members of the mitochondrial transduceosome complex may serve as useful pharmacological targets for stimulation of steroidogenesis as well. Work from our laboratory has demonstrated that 14-3-3γ is able to bind to the Ser194 phosphorylation site of the STAR protein (Aghazadeh et al., 2012) , a phosphorylation site important for STAR steroidogenic activity. Additionally, 14-3-3ε binds to the Ser167 of VDAC1 (Aghazadeh et al., 2014) , a proposed dimerization and protein association site. Reducing 14-3-3 protein association with STAR and VDAC in model cell systems, either through genetic knockdown or pharmacologically with small transducible peptides, stimulated steroid production. Administration of 14-3-3 competing peptides directly into the testes of male SpragueDawley rats resulted in increases in testicular and plasma testosterone levels in a dosedependent manner (Aghazadeh et al., 2012; Aghazadeh et al., 2014) . These biological fusion peptides thus present useful lead compounds in the treatment of hypogonadism in men.
Pharmacological targeting of TSPO for inhibition of steroidogenesis
Just as pharmacological targeting of TSPO has provided evidence that small molecules and proteins can stimulate steroidogenesis in a TSPO-dependent manner, work over the years has indicated that the reverse is possible as well, i.e., TSPO can be targeted for inhibition of steroidogenesis. Early indications of this came from work with the benzodiazepine flunitrazepam. Like other benzodiazepines, flunitrazepam is able to bind to TSPO with high affinity (Papadopoulos et al., 1990b) . However, flunitrazepam inhibited hormone-stimulated steroidogenesis in both adrenal and Leydig cell lines, reducing the efficacy, but not the potency, of the hormones (Papadopoulos et al., 1991) . Subsequent studies (Gazouli et al., 2002) identified peptides able to displace the benzodiazepine drug ligand . This displacement was associated with inhibition of steroidogenesis in a Leydig tumor cell line.
As noted above, TSPO possesses a cholesterol ligand binding site, its CRAC motif, in addition to its well-characterized drug ligand binding site. To explore the possibility of pharmacologically targeting this CRAC site on TSPO, we have computationally modeled and screened TSPO and its CRAC motif against large chemical databases. This has led to the identification and experimental validation of several alternative steroidal CRAC domain ligands (Midzak et al., 2011) able to potently inhibit steroidogenesis in mouse and rat Leydig tumor cell lines. These results indicate that not only is the drug-binding site a pharmacological target for control of steroidogenesis, but that the C-terminal CRAC motif of the protein is as well (Midzak et al., 2011; Midzak et al., 2012) . Compounds targeting TSPO's CRAC motif may thus serve as pharmacological leads for the treatment of diseases of steroidal excess, such as Cushing's disease in humans and animals (Biller et al., 2008) , as well as a variety of endocrine tumors (Freeman, 1986) .
Pharmacological targeting of TSPO expression for inhibition of steroidogenesis
In addition to the focus on the regulation of steroid formation through modulation of TSPO function, the pharmacological control of TSPO expression also represents an active area of research. In search of a pharmacological approach to modulating Tspo expression and glucocorticoid biosynthesis, we examined the effect of Ginkgo biloba extract EGb 761 and its isolated components, ginkgolides. EGb 761 has been shown to have beneficial effects on memory, vigilance, cognitive functions associated with aging, dementia, and the ability to cope with daily stressors (Defeudis et al., 2003) . The anti-stress action of EGb 761 differs from that of classical anxiolytics or antidepressants (Porsolt et al., 1990) . Because of the well-known pathogenic potential of glucocorticoid excess on the hippocampus (McEwen, 1994; Sapolsky, 1996) , we examined whether EGb 761 and its bioactive terpene trilactones ginkgolides A and B (GKA, GKB) exert their beneficial effect by regulating glucocorticoid levels. Treatment of adult rats with EGb 761, GKA or GKB decreased serum corticosterone levels (Amri et al., 1996) . We demonstrated that EGb 761 induced a 50% decrease of the 18-kDa TSPO protein and mRNA expression, accompanied by a similar decrease in the number of adrenal TSPO ligand binding sites. No changes occurred either in renal or testicular TSPO ligand binding characteristics or protein expression. Analysis of metabolically radiolabeled proteins obtained from adult rat adrenocortical cells and treated ex-vivo with EGb 761 or GKB confirmed the reduction of the 18-kDa TSPO protein levels. Corticosterone production was reduced by 80% in these cells in response to ACTH (Amri et al., 1997) . Similarly, treatment of the H-295 human adrenal cells with GKB resulted in reduced production of cortisol levels in response to cAMP (Amri et al., 1996) . These findings suggested that GKA and GKB, components of EGb 761, exert specific effects on adrenocortical cells by inhibiting Tspo mRNA and protein expression (Amri et al., 2003) , thus limiting the amount of mitochondrial cholesterol available to the P450scc for corticosteroid synthesis. Interestingly, GKB treatment reduced the ACTH-stimulated corticosteroid production, without affecting basal glucocorticoid and aldosterone formation, suggesting a role in hormone-stimulated steroidogenesis
Genetic targeting of TSPO expression
In contrast to pharmacological targeting of TSPO, for which much is known and agreed upon, the genetic manipulation of TSPO is far more controversial. Knockdown of TSPO in tumor cell models, through homologous recombination (Papadopoulos et al., 1997b) , treatment with antisense oligodeoxynucleotides (Hauet et al., 2005) or by antisense knockdown (Kelly-Hershkovitz et al., 1998) , was shown to affect steroid biosynthesis in steroidogenic cells. However, it has been technically challenging to genetically separate the effects of TSPO on steroidogenesis from those on cell viability (Kelly-Hershkovitz et al., 1998) . Complete deletion of the 11kb Tspo gene led to arrest of cell growth and cells could not be maintained in culture Lacapere and Papadopoulos, 2003; Papadopoulos et al., 1997c) . Further, we co-authored industry-led studies reporting that deletion of the entire Tspo gene in ES cells did not result in viable mice, suggesting embryonic lethality (Papadopoulos et al., 1997a) . Although this work was not followed up at that time, an examination of the entire genome area of the Tspo locus reveals that two genes, tubulin tyrosine ligase-like family member 12 (Ttll12) and mitochondrial malonyl-CoA:ACP acyltransferase (Mcat), have partial overlap at this locus (http://www.ncbi.nlm.nih.gov/ mapview/maps.cgi? taxid=10090&chr=15&query=uid(-2121628991,-1265745590,-2146573800)&QSTR=12257 %5Bgene%5Fid%5D&maps=gene_set&cmd=focus). In addition, the Tspo gene locus encodes 48 predicted miRNAs (http://mirbase.org) and the Tspo coding DNA sequence is the target of 23 miRNAs (http://informatics.jax.org). In light of the fact that a number of biological systems are networked, it is possible that changes in any of those genes or miRNAs may have led to the observed embryonic lethality. The necessity of TSPO for embryonic development and steroidogenesis have been recently challenged, however, as testis-specific and whole body (Banati et al., 2014; Tu et al., 2014) TSPO knockout mice were generated. In these animals, TSPO was reported to not be present in genetically modified tissue, and no observable effect on steroid levels was found. The authors concluded that TSPO is neither essential nor involved in steroidogenesis, contending that if TSPO is a key rate-limiting step in cholesterol movement into mitochondria, a substantial decrease should have had some effect on the testis and adrenal. In contrast to these findings, we observed murine embryonic lethality in our own recent conditional TSPO knockout studies targeting the region between exons 2 and 3, suggesting that TSPO plays an important role in embryogenesis and hormone-induced steroidogenesis (Campioli et al., 2015) . That said, gene knockouts are becoming increasing difficult to interpret; different substrains of the same mouse can yield different results; breeding schemes affect the selection process and Mendelian ratios are rarely reported. It is likely that the embryonic lethality observed when deleting the entire 11kb Tspo gene, where the first intron covers more that 8-kb in the 5'-untranslated region, may be due to elements within the gene that may affect the expression of other genes important for survival as indicated above. This would not occur when floxing Tspo exons 2 to 3, although our recent data shows that even removal of these exons led to a major embryonic lethality (Campioli et al., 2015) . Nonetheless, these findings raise questions regarding mitochondrial TSPO's exact function in physiological steroidogenesis. Though no physiological effect of TSPO deletion on gonadal and adrenal steroidogenesis was observed in these studies, the effect of TSPO ligands on steroid levels in these genetically modified animals was not examined.
Interestingly, mice null for the OMM voltage-dependent anion channel (Vdac), a nucleusencoded ubiquitous protein, major component of the OMM, implicated in numerous biological processes, are viable and display little overt phenotypical changes (Messina et al., 2012; Raghavan et al., 2012) . Moreover, mitochondria from Vdac1 −/− and Vdac3-null mice as well as Vdac1, 2 and 3 null cell lines failed to show changes in mitochondrial permeability transition pore activity and Bcl-2 family member-driven cell death compared to wild-type mitochondria (Baines et al., 2007; Craigen et al., 2008) , processes in which VDAC had ascribed a key role. These results suggest that, despite VDAC's apparent importance, other proteins may take over its functions after deletion. The same is true for the adenine nucleotide translocator 1 (ANT1) a nucleus-encoded protein inserted into IMM of many tissues, including heart, muscle, brain, eye, lungs, kidney, and testis, and serving as a critical component of mitochondrial oxidative phosphorylation driving the ATP-ADP exchange (Graham et al., 1997) . Homozygous Ant1 −/− mice were viable, fertile and exhibited normal growth characteristics when compared to wild-type mice (Graham et al., 1997) . Thus, functional redundancies may exist for mitochondrial proteins including VDAC1, ANT1 and TSPO because of their importance in general cell and animal physiology, in addition to steroidogenesis.
With the increased use of genetic mouse models we appear to be entering an exciting era in the study of TSPO and mitochondrial membrane proteins, one that should prove fruitful in the discovery of new pharmacological tools and leads for therapeutics.
Conclusions
Numerous in vitro and in vivo findings (outlined above) indicate TSPO drug ligands induce steroid formation in the steroidogenic tissues of the adrenal, gonad, brain, placenta and liver (reviewed in , suggesting that TSPO is important in the control of steroid formation in a manner independent of hormones. Indeed, TSPO provides a physical mechanism since it binds cholesterol, is located in the OMM, and physically associates (directly or indirectly) with the steroidogenic machinery. Recent structural studies confirmed the proposed structure and function of TSPO (Guo et al., 2015; Jaremko et al., 2014; Li et al., 2015a) . TSPO upregulation has been connected to several diseases, including cancer (Batarseh and Papadopoulos, 2010) , neuronal damage, neurodegeneration, and inflammation, making the protein an important marker for glial cell activation and neuroinflammation (Dickens et al., 2014; Harberts et al., 2013) .TSPO has also attracted attention as a possible molecular target for tumor imaging and chemotherapy (Austin et al., 2013) . Preclinical and clinical studies have indicated that TSPO ligands are able to restore normal rates of steroid formation in cases of reduced androgen synthesis, adrenal function and neurosteroid formation and might be valuable in the treatment of hypogonadism, neurological and psychiatric disorders. Through the use of drug antagonists or CRAC ligands, TSPO also is a target for the reduction of steroid formation in cases of excessive steroid synthesis, including Cushing's syndrome (Biller et al., 2008) and gonadal and adrenal steroid-producing tumors (Freeman, 1986 ).
Data generated from over 30 years of work by numerous laboratories around the world, in academia and in industry, have clearly shown that the manipulation of TSPO by pharmacological means can stimulate steroidogenesis in cell lines, primary cells, and organisms. However, the recent genetic studies in mice do raise questions about whether all steroidogenesis is "monothetic", i.e. the result of one mechanism.
To conclude, answers to biological questions typically are obtained by combining a multitude of positive and negative experiments and by using various methodologies and animal models. Of course, the ideal model is the human. There is no single experiment that can provide the "definitive" answer to any research question, but rather guide us toward the next steps. With this in mind, the present paper calls for further studies to identify the cellular and molecular mechanisms driving cholesterol import into mitochondria for gonadal steroidogenesis. There is much left to learn. The transduceosome consists of cytosolic and OMM proteins as indicated by grey margin. The metabolon, a protein complex that consists of OMM, IMS and IMM proteins, is indicated in red margin. VDAC1 and TSPO are members of both the transduceosome and metabolon. CYP11A1 enzyme, located at the mitochondrial matrix side of IMM, and ATAD3, present at the contact sites of IMM and OMM, are members unique to the metabolon complex. The transduceosome mediates the import of cholesterol from cytosolic MA-10 Leydig cells were incubated with 0-100 µM of the isoquinaline carboxamide TSPO ligand PK 11195 for 2h. At the end of incubation, media was collected for analysis of steroid production by RIA, or cellular viability was assessed by MTT assay. PK 11195 began to significantly stimulate steroid production at nanomolar concentrations, and continued rising though high micromolar concentrations. However, high levels (>50µM) of PK 11195 were cytotoxic, without affecting steroid production, suggesting that such stimulation was nonspecific, and not due to stimulation of TSPO but rather to rupturing of mitochondrial membranes. The effect of TSPO drug ligand XBD173 in vivo is LH-independent. Adult Sprague-Dawley rats were given i.p. injections of H 2 O or the GnRH antagonist Cetrorelix (0.71 mg/kg/day) for 5 days. On day 5, one testis per animal was given a bolus injection of 10 mg/Kg XBD173 or just solvent used to dissolve the drug to induce acute steroidogenesis in the absence or presence of LH signaling. Intratesticular testosterone of the injected testes was measured 2 hrs post injection by radioimmunoassay. Results shown are means ± SD (n= 5).
